The SU(3) dynamical evolution of three-level systems at two-photon resonance induced by 
I. INTRODUCTION
The dynamical evolution of three-level systems in the presence of two strong monochromatic fields has been the subject of fundamental significance to a wealth of important problems. Examples of current interests are twophoton NMR on spin-1 systems, ' double-resonance spectroscopy of atoms and molecules, two-photon coherence, '" population trapping, resonance Rarnan scattering, and many others.
It has long been known that for two-level systems the description of magnetic and optical resonance phenomena can be greatly simplified by the use of the Bloch spin or pseudospin vector. ' However, extension of the vector description to more complex systems has been achieved only recently. Hioe and Eberly found that the dynamical evolution of N() 3)-level systems can be expressed in terms of the generalized rotation of an (N -1)-dimensional real coherence vector whose property can be analyzed by appealing to the SU(N) group symmetry. In particular, the time evolution of three-level systems can be described by a classical coherent vector of constant length rotating in an eight-dimensional space. ' Unlike the conventional two-photon vector model which can only apply to limited cases, the SU(3) vector model is exact and is thus free from any restriction. Earher Zur and Pines" also proposed a formalism based upon the fictitious spinoperators, also a set of the group SU(N) generators, to describe the time evolution of spin systems with J & -, , but they' did not exploit the geometric notion of the rotating coherence vector. Zur and Vega' in a recent paper have studied, theoretically and experimentally, the detailed dynamics of two-photon 0 NMR on a deuterated malonic acid irradiated by pulsed double radiofrequency (rf) fields in terms of fictitious spin--, operators.
There are, in general, three types, i.e. , cascade, "V, " and lambda, of three-level systems which are most widely studied. All these three types assume opposite parity for adjacent levels, i.e. , level 2 is of different parity from levels 1 and 3 which are, in turn, of the same parity. In this paper we shall consider only the cascade type of the three-level system as an example, but the approach to be developed in the following can be readily extended to other types. Most theoretical studies on these three-level systems in the presence of two nearly resonant radiation fields have been confined to the so-called rotating-wave approximation (RWA) that assumes one radiation field drives only one electric-dipole allowed transition. %'bile it is true that RWA serves a coarse approximation in many circumstances, many nonlinear higher-order effects caused by non-RWA terms can unveil important and interesting subtleties of the dynamics of the system under study. To explore the influence of non-RWA factors we further distinguish two physically different cascade three-levels, one with large disparity in allowed transition frequencies, see Fig. 1(a) , and the other with small disparity, see Fig. 1 
(1)
One important feature of the GVV approach is that if the wave functions, e.g. , Eqs. (12) and (13), are exact to the nth order, the corresponding Hamiltonian matrix on the model space can be computed to the (2n + 1)th order. To the first order, the model-space Hamiltonian matrix can this be expressed analytically as a, =a (,"+a (,"+II(,"+a, (",
where 
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The time-evolution propagator U (t;0) in the rotatingwave picture can thus be written as (13) .
For the type-I three-level system, Fig. 1(a) , the condition (34) 
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j=1 r and the density matrix of the system can be written as. 
84(t) =2Q, Qzb cos(bt) .
In more general cases deviations from either the RWA limit, or the two-photon resonance condition will modify the trajectory of the S(t) described by Eqs. (50) Here the density-matrix operator p(t), in the rotatingwave frame, 59) is expressed in terms of the evolution propagator U' '(t;0), defined in Eq. (33), and the initial-state density matrix p(0) of the three-level system. The analytic expressions for components of A, B, and C can thus be derived by employing Eqs. (59), (44), and (47) - (49).
V. RESULTS AND DISCUSSIONS
In this section we shall present the results for the following three different cases: (1) (E2 Ei ) »(E3 -Ei, ), Q& --Q2 --QI --Qz, and 6I ---A2 --6, corresponding to a two-photon resonance case of the type-I three-level system, Fig. 1(a) ; (2)
two-photon resonance case of the type-II three-level system, Fig. 1(b) ; and finally (3)~(E2 Ei) --(E3 E2)« (E2 Ei) and (E3 E2) Qi Q2 Qi hi& -bq, a nonresonance case of the type-II three-level system, Fig. 1(b) . In all these cases we shall assume that (i) the initial phases 8i and 8z of the laser fields are zero; (ii) the system is initially in its ground level, i.e. , level 1; aild (iii)~b i~&&(Ep Ei) aild~-b, 2~&&(E3 -E2). Thus the R%A two-photon resonance processes are the dominant channel responsible for the dynamics of the system in the presence of two laser fields. In the results to be presented in this section we shall also show the influence of various symmetry-breaking mechanisms, namely, the two-photon off resonance and the non R8'A terms, o-n the dynamic symmetries inherited from the assumption of the exact two-photon resonance in the RWA limit. Calcula- A. Type-I three-level system at exact two-photon resonance
Here we specifically choose that E2 -E& --4000.0, E3 -E2 --50.0, 6l --h2 ---5.0, and Q; =0, '- =2.0 with i=1,2. In Table I . (, ) 3 p ane is shown in Fig. 8 Fig. 20 
